Lutein is a lipophilic antioxidant vitamin compound that may be beneficial to health in humans. For this reason, increasing the content of lutein in crops and vegetables has become a major breeding objective. The genetic variability of the lutein content in soybean is poorly documented. We analyzed the lutein content of 1,100 accessions of wild and cultivated soybeans by high performance liquid chromatography (HPLC), and identified several wild soybean strains with a high content of lutein. These wild soybean strains, characterized by a deep yellow cotyledon, also displayed peaks of β-carotene and chlorophyll pigments. On the other hand, all the analyzed cultivated soybean accessions with a yellow cotyledon exhibited a small lutein peak and substantially no β-carotene and chlorophyll peaks, whereas those with a green cotyledon displayed chlorophyll peaks. In the present study, it was shown that most of the lutein content in the seeds of the three wild soybean strains with a high content of lutein, 00033715, 00112742 and B01167, originated from the cotyledon, while almost all the β-carotene and chlorophyll pigments were localized in the seed coat, but not in the cotyledon. These results were consistent with the presence of a deep yellow cotyledon, implying that it is possible to increase the lutein content in the cotyledon of soybean by using the high lutein content character of wild soybeans. Moreover, since the high lutein content was stably maintained in the seeds obtained from the wild soybean strains grown in 2004 and 2005, it was suggested that the high lutein content of the wild soybeans was a stable trait.
Introduction
Lutein is a member of the xanthophyll family of carotenoids with two hydroxyl groups on each side of the molecule. It is abundant in brightly colored vegetables, such as spinach, kale and corn (Sommerburg et al. 1998) . In plants, lutein functions as an antioxidant and protects them from photo-induced free radical damage (Baroli and Niyogi 2000) . Blue light which is the highest energy form in visible light, is known to induce photo-oxidative damage by generating reactive oxygen species. Lutein screens out this harmful wavelength, and thus protects plants because of its specific strong absorption of light around the wavelength of 447 nm in the visual light spectrum, while allowing the absorption of light around other wavelengths that are critical for photosynthesis (Alves-Rodrigues and Shao 2004) .
The emerging health benefits of xanthophylls have attracted increasing attention. Lutein and its isomer zeaxanthin are the only carotenoids identified in both the macula and lens of the human eye, and exhibit dual functions in both tissues as powerful antioxidants, and in filtering high energy blue light (Landrum and Bone 2001) . Known mostly for the importance for eye health, consumption and serum levels of lutein and zeaxanthin have been found to be inversely related to the risk of ocular diseases, including cataract and agerelated macular degeneration, a major cause of blindness (Mares-Perlman et al. 2002) . In addition, in recent studies, it has been suggested that lutein and zeaxanthin may contribute to heart health (Dwyer et al. 2001 , Mares-Perlman et al. 2002 . Moreover, the presence of lutein in the skin and its oral consumption resulting in the reduction of UV-induced damage, suggest that it may be important for skin health (Wingerath et al. 1998 , Heinrich et al. 2003 .
Therefore, increasing the carotenoid levels (lutein, zeaxanthin, β-carotene, etc.) in crops and vegetables has also become a major breeding objective. Recently, quantitative trait loci that determine the contents of individual carotenoids (lutein, zeaxanthin, β-carotene, etc.) and the total carotenoid content have been identified in maize (Wong et al. 2004 ) and in chickpea (Abbo et al. 2005) . Moreover, using transgenic technologies, multiple carotenoid genes were transformed in tomato, carrot, potato, canola and rice, resulting in further increase in the amounts of carotenoids in these crops (Fraser and Bramley 2004) .
Information about the genetic variability of the lutein content in soybean is very limited. Monma et al. (1994) reported that lutein was the major carotenoid component in seed extracts of soybean, and that soybeans with a green cotyledon contained a higher amount of lutein than those with a yellow cotyledon. Simonne et al. (2000) determined the effect of processing techniques on the retention and profile changes of carotenoids in immature soybean seeds. In the present study, we screened for the lutein content a total of 1,100 accessions of wild and cultivated soybeans from the germplasm collection, and we identified and characterized several wild soybean strains with high contents of lutein and β-carotene.
Materials and Methods

Source of seed materials for screening
Four hundred and ninety cultivated soybean (Glycine max (L.) Merr.) and 610 wild soybean (Glycine soja Sieb. et Zecc.) accessions were examined. All the cultivated soybean and 442 of the wild soybean accessions were obtained from the gene bank of the National Institute of Agrobiological Sciences in Tsukuba, Japan. An additional 168 wild soybean test entries were taken from accessions maintained at the Laboratory of Plant Genetics and Evolution, Graduate School of Agriculture, Hokkaido University.
Seed materials for evaluation of lutein content stability
Seeds from the plants grown in 2004 and 2005 were evaluated to determine whether the lutein content in the seeds varied among the growth years. As it was impossible to obtain seeds from late maturing varieties and accessions in the field of Hokkaido University, we selected seven early maturing wild soybean strains with a high lutein content, which originated from the northern part of Japan, Tohoku and Hokkaido areas, and from Northeast China. The selected accessions were sown in a greenhouse in early October of 2004 and harvested in mid-February of the following year. In 2005, the seven wild soybean strains were sown in early June and harvested in late October to mid-November, in a plastic greenhouse built in the field of Hokkaido University. As a control, four early maturing soybean varieties from the Hokkaido area were sown in early June and harvested in early to mid-October in a plastic greenhouse in 2004 and 2005.
HPLC analysis of carotenoids
Extraction and quantification of the carotenoids were performed according to the method of Monma (Monma et al. 1994) , with some modifications. Three seeds each of individual soybean varieties were ground to a fine powder. On the other hand, 10 to 20 seeds each of individual wild soybean accessions were ground because the seed size of the wild soybean strains was much smaller. Seeds were harvested in bulk from three plants each of the four soybean varie-ties and seven wild soybean strains in 2004 and 2005, and used for extraction with three replications. Twenty-five mg of seed meal was weighed in a 1.5 ml tube, and stirred in 0.5 ml acetone/ethanol (1:1 v/v) that contained 0.4~0.6 µg of β-Apo-8′-carotenal (trans) as an internal standard. After supersonication and extraction for 15 min, respectively, at room temperature, the tube was centrifuged at 13,000 rpm for 10 min. The resulting supernatant was transferred to a new 1.5 ml tube, and then centrifuged at 13,000 rpm for 10 min. The resulting supernatant was used for HPLC analysis as described below.
Twenty µl of the supernatant was subjected to HPLC analysis (Hitachi LaChrom Elite, Hitachi High-Technologies corp., Japan) on an Inertsil ODS-3 reverse phase column (4.6 × 250 mm, GL Sciences, Japan) using an autosampler. A linear gradient system was applied using two mobile phases. Mobile phase A consisted of acetonitrile and mobile phase B of ethanol. The gradient was initiated at 25% B (v/v) and held for 5 min, and then increased to 75% B from 5 to 15 min. Afterwards, it was decreased to 25%B from 15 to 20 min and held at 25%B for 5 min. The flow rate was 0.80 ml/ min during the entire run, and the column was kept at 40°C. Carotenoids (lutein and β-carotene) and chlorophylls were detected at 447 nm. Lutein and β-carotene were identified by matching the retention time in the HPLC chromatogram of authentic standards (Sigma). Chlorophyll a and b were identified by comparison of the retention time, as reported by Monma et al. (1994) , and comparison of the spectrum pattern at 400 nm~700 nm. The contents of lutein and βcarotene (mg/100 g meal) were determined based on the ratio of the area of respective peaks to β-Apo-8′-carotenal (trans) as an internal standard.
Results and Discussion
We analyzed the lutein content of a total of 1,100 cultivated and wild soybean accessions by HPLC. All the accessions displayed at least one major peak that corresponded to lutein. The HPLC chromatogram ( Fig. 1-A) of cv. Tsurumusume gave a small peak for lutein (peak 1), while that of the wild soybean strain 00033715 gave a large peak for lutein, as well as three major peaks (peaks 3, 4 and 5 in Fig. 1-B) , eluted after β-Apo-8′-carotenal (trans) (peak 2) was used as an internal standard. The lutein contents of strain 00033715 and cv. Tsurumusume were 2.60 mg/100 g meal and 0.25 mg/100 g meal, respectively. Most of the soybean accessions analyzed showed similar chromatograms to that depicted in Figure 1 -A. However, several wild soybean accessions so far analyzed showed similar chromatograms to that shown in Figure 1-B . Monma et al. (1994) reported that soybean varieties with a green cotyledon exhibited a higher content of lutein than those with a yellow cotyledon, in addition to chlorophyll a and b pigments. As a control, cv. Hidakaaodaizu with a green cotyledon was analyzed by HPLC. As expected, cv. Hidakaaodaizu showed a major peak for lutein, as well as two major peaks (peaks 3 and 4 corresponding to chlorophyll b and a, respectively) ( Fig. 1-C) . The lutein content of cv. Hidakaaodaizu was higher than that of cv. Tsurumusume, confirming the previous results obtained by Monma et al. (1994) . On the other hand, the lutein content of the wild soybean strain 00033715 was much higher than that of cv. Hidakaaodaizu.
It is possible that the high lutein contant of the wild soybean strains originated from the seed coat, because their seed size was much smaller than that of the cultivated soybean varieties, resulting in a relatively higher ratio of seed coat to whole seed. Therefore, we separately analyzed by HPLC the lutein content in the cotyledon with hypocotyl and in the seed coat. Although the lutein content of the cotyledons from cv. Tsurumusume (yellow cotyledon) and cv. Hidakaaodaizu (green cotyledon) was slightly higher than that of the respective seed coats, HPLC chromatograms of cv. Tsurumusume and cv. Hidakaaodaizu were mostly similar to those shown in Figure 1 -A and 1-C, respectively. On the other hand, HPLC analysis of the wild soybean strain 00033715 with a high lutein content, revealed that the lutein content of the cotyledon was much higher than that of the seed coat, while the β-carotene and chlorophyll contents of the cotyledon were much lower than those of the seed coat (Fig. 2-A and 2-B) . The wild soybean strains 00112742 and B01167 with a high lutein content also showed similar chromatograms to those presented in Figure 2-A and 2-B . These results were consistent with the presence of a deep yellow cotyledon, suggesting that it is possible to enhance the lutein content of the cotyledon, which is the major part of the soybean seeds used for soy foods.
Frequency distribution of the lutein contents of the 1,100 cultivated and wild soybean accessions analyzed is shown in Figure 3 . The lutein content of the cultivated soybean accessions ranged from 0.16 to 1.48 mg/100 g meal, while that of the wild accessions ranged from 0.58 to 3.28 mg/100 g meal, with a significantly high (t = 51.4, p < 0.001) average value of 1.43 mg/100 g meal compared with the 0.37 mg/100 g meal value of the cultigens.
Seven wild soybean strains whose lutein content exceeded 2.10 mg/100 g meal were selected for further analysis. Additional four soybean cultivars were also included for comparison. The test materials were reproduced in 2004 and 2005, and seeds harvested from them were then analyzed for lutein and β-carotene contents. The results are summarized in Table 1 . The lutein contents of the four soybean varieties and seven wild soybean strains were not significant different among the years, respectively. That is, all the seven wild soybean strains displayed stably higher lutein contents than those of the four soybean varieties, both in 2004 and 2005. The wild soybean strains also showed a high content of βcarotene that mostly originated from the seed coat, whereas no substantial amount of β-carotene in the four cultivated soybeans was detected by the HPLC analysis. The above results suggested that the high lutein content of the wild Fig. 1 . HPLC chromatograms of lutein, β-carotene and chlorophylls in soybean and wild soybean seeds. Peaks 1, 2, 3, 4 and 5 correspond to lutein, internal standard, chlorophyll b, chlorophyll a and β-carotene, respectively. soybean strains was a stable trait. At present, we are developing segregating progenies from crosses between soybean cultivars and wild soybean strains with a high lutein content. Further studies are also under way to analyze the genetic control of the high lutein content derived from the wild soybean strains identified. In addition, it will be necessary to determine whether there is association between the high lutein content and the characteristics of the wild soybeans.
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